This study reports the first haplotype phased reference quality genome assembly of 'Murrah' an Indian breed of river buffalo. A mother-father-progeny trio was used for sequencing so that the individual haplotypes could be assembled in the progeny. Parental DNA samples were sequenced on the Illumina platform to generate a total of 274 Gb paired-end data. The progeny DNA sample was sequenced using PacBio long reads and 10x Genomics linked reads at 166x coverage along with 802Gb of optical mapping data. Trio binning based FALCON assembly of each haplotype was scaffolded with 10x Genomics reads and superscaffolded with BioNano Maps to build reference quality assembly of sire and dam haplotypes of 2.63Gb and 2.64Gb with just 59 and 64 scaffolds and N50 of 81.98Mb and 83.23Mb, respectively. BUSCO single copy core gene set coverage was > 91.25%, and gVolante-CEGMA completeness was >96.14% for both haplotypes. Finally, RaGOO was used to order and build the chromosomal level assembly with 25 scaffolds and N50 of 117.48 Mb (sire haplotype) and 118.51 Mb (dam haplotype). The improved haplotype phased genome assembly of river buffalo may provide valuable resources to discover molecular mechanisms related to milk production and reproduction traits.
Introduction :
Complete genome sequence of a species is essential for studying genetic diversity, inbreeding and breed admixture. Advances in whole genome sequencing (WGS) technologies coupled with genomic data storage and analysing capabilities have helped in utilising the genomic data for genetic improvement, in domestic animals. A fundamental requirement for utilising genomic information is the availability of a reference genome for a species. Complete and accurate reference genome is essential for advanced genomic selection of production traits and gene editing in agriculturally important plant and animal species (Matukumalli et al., 2009) . Advances in WGS have enabled sequencing of many species and individuals, but many genome assemblies are left incomplete and fragmented in large part because the underlying sequence reads are too short (Chaisson et al., 2015) and consist of hundreds or even thousands of fragmented contigs and scaffolds. Furthermore, many of these contigs will not be mapped to their chromosomal locations and further enhancing the problem of haplotype variations which are not present in natural populations.
Ideally, an individual's genome needs to be represented through its different haplotypes, i.e. maternal and paternal haplotypes in diploid organisms. A major goal of a genome project is a complete haplotype-resolved assembly with no gaps (Low et al. 2019) . Accurate representation of haplotypes is essential for studies on intraspecific variation, chromosome evolution and allele-specific expression (Koren et al., 2018) . Currently available, consensus mosaic genome assemblies do not truly represent the original parental haplotypes. Collapsing haplotypes into a single consensus representation may introduce false variants that are not present in either haplotype, leading to annotation and analysis errors (Korlach et al. 2017 ). The trio binning, a haplotype phased genome assembly method advanced by Koren et al. (2018) provides an excellent opportunity for increased accuracy of genomic selection in domestic animals. The recent development and application of long-read and linked-read sequencing technologies like PacBio sequel and 10X genomics Chromium have shown considerable promise in improving eukaryotic genome assemblies. Numerous scaffolding technologies have been developed for ordering and orienting assembly contigs, including chromosome interaction mapping (Hi-C) and optical mapping, which provide relatively inexpensive and high-resolution scaffolding data (Bickhart et al . 2017) Errors in a reference genome assembly can often result in misinterpretations of the underlying sequence of an animal, mainly when the Structural Variants (SVs), such as deletions, insertions, inversions, and more complex rearrangements are the focus for detection. The relatively lower quality of reference genomes produced for livestock species substantially increases the number of false positives generated in the discovery of SVs (Bickhart and Liu, 2014) . Even if reads contain a 1% variant-error rate, the combination of eight identical reads that cover the location of the variant will produce a strongly supported variant call with an associated error rate of 10 -16 (Schatz et al. 2010) . Although SV is a form of natural polymorphism, specific or excessive aberrations have been linked to numerous human diseases (Weischenfeldt et al. 2013) . Copy number variations (CNV) are a subgroup of structural variations including deletions and duplications. For example, a 660-kb deletion was found to be associated with fertility and milk production in Nordic red cattle (Kadri et al. 2014 The short-insert (350bp) Illumina pair-end data of parental samples for the chosen animal were sequenced to generate 274Gb data, to perform a Trio-Binning based genome assembly (Koren et al., 2018) to create a complete diploid reconstruction of the assembly. The PacBio Long-read segregation, for each parental haplotype, was over 99.99%, with less than 140Mb of raw reads being present in the non-classified set, confirming the trio.
The binned PacBio sequel Long-Reads were assembled using both FALCON and Canu, although FALCON produced more contiguous assemblies that we analyzed here. For the Dam haplotype, the assembly length was 2.62Gb in 1837 contigs with N50 of 5.23Mb, and for Sire haplotype the assembly length was 2.62Gb in 1132 contigs with N50 of 9.5Mb. The reconstructed haplotypes were iteratively scaffolded twice using 10X Chromium library generated linked-reads to improve the continuity of the assembly further). The iterative Scaff10x scaffolding improved the assemblies for the Dam haplotype by increasing the assembly length to 2.63Gb in 1130 scaffolds, N50 to 12.44Mb; similarly, the Sire haplotype's assembly increased to 2.64Gb in 668 scaffolds with an N50 of 40.70Mb. Results are presented in Table 2 . (Table 3) .
The assembled 340 genome maps were aligned against the recently published Mediterranean buffalo, highlighting an alignment of 2317.902Mb, with an alignment of 87.3% over the whole genome. Notably, the optical map assembly was able to capture the entire chromosome arm for chromosome 16 (Figure 1) . Haplotype coverage against latest available reference genomes is reported in Table   4 . 
Assemblytics based structural variation identification :
We identified structural variants in the assembled haplotypes using Assemblytics (Nattestad et al. 2016) 
Pseudo-Molecule Construction
The sire and dam haplotypes were aligned to the Mediterranean buffalo genome assembly's chromosomal sequences using MiniMap2 (Li, 2018) . RaGOO assigns unmapped sequences, i.e. sequences that had no alignments with the reference as "Chr0_contig" padded with "N"s. We did not observe any such sequences in case of the sire haplotype, highlighting the quality of the haplotype resolved assembly, as well as no ambiguities when considered with the reference. The dam haplotype had approximately 5.24Mb unlocalized sequences, concatenated and placed in "Chr0_RaGOO".
Finally, RaGOO was used to order and build the chromosomal level assembly with 25 scaffolds and N50 of 117.48 Mb (sire haplotype) and 118.51 Mb (dam haplotype).
Comparison of the RaGOO ordered chromosomal sequences by treating the Sire
Haplotype as the reference and dam haplotype as a query (including the unlocalized sequences), led to the identification of 26,489 variants with a cumulative length of 23.06Mbp. Major classes of these variants were insertion and deletions events between 500-10000bp with almost 6.7Mb in haplotypes.
The alignments were further sub classified, observing 9241 unique alignments, and 2214 repetitive alignments between the Dam and the Sire haplotype assemblies. Finally, alignments over 50kb in length were then visualised using the R package Circlize to plot chord diagrams (Gu,2014) . 
De Novo Genome Assembly:

Trio-Binning and Long Read Assembly
Initially, the parental Illumina data was screened for adapters, low quality and ambiguous bases using Fastp, and data above Q30 were retained for subsequent
Trio-Kmer generation.
The genome assembly was approached using the PacBio reads at a primary assembly level using a trio-based binning method using the parental haplotypes as per Koren et al. 2018 . Initially the data was partitioned at a kmer of 21 and then subsequently at 18 considering a minimum kmer coverage of 10 using Meryl.
The reads belonging to each of the haplotype-specific bins were assembled separately to generate a diploid assembled genome, using FALCON and Canu assemblers (Chin et al. 2016 and Koren et al. 2017) . We polished the assemblies by Arrow from SMRTLink 6.0 using Haplotype specific binned reads. We chose the FALCON assemblies for further scaffolding based on the superior contiguity metrics.
10X Chromium Scaffolding
10X Genomics linked reads were initially debarcoded as per the recommendations of Scaff10Xv3 , and BWA-MEM was used to map the renamed 10X chromium reads to derive a SAM file. Scaff10Xv3 then uses a relational matrix to identify the links between the contigs based on the 10X barcodes, which is then used to join the scaffolds. The assemblies were iteratively scaffolded twice using Scaff10X (Table 2) .
BioNano map generation and hybrid scaffolding
The BioNano® molecules were filtered to retain molecules over 150Kb with a minimum of 9 DLE-1 nicking endonuclease-specific recognition sites. This data was assembled using BioNano Access software, using the De Novo Assembly suite to perform the assembly (Table 3) . The assembly was retrieved in a CMAP format to subsequent using the maps for a scaffolding step.
Further scaffolding of the genome was performed using the assembled BioNano genome Maps using a single enzyme workflow process (DLE-1) having a recognition site CTTAAG. The scaffolded sequences were finally polished using the debarcoded 10X reads using Pilon version 1.22.
The resulting assemblies were labelled as Murrah_DH (MDH) and Murrah_SH (MDH) to signify the assemblies were arising from the haplotypes and had been phased.
Genome completeness study
All the subsequent analyses were performed on the polished genome assemblies.
BUSCO analysis was performed on the chosen FALCON assemblies and optical map based hybrid scaffolded assemblies at the vertebrata and mammalia_odb9 lineage-specific profile at default parameters to assess the quality of the assemblies. gVolante (Nishimura, 2017) Core Eukaryotic Genes Mapping Approach (CEGMA) (Yuichiro et al. 2015) was performed to assess the conservancy of Core Vertebrate Genes.
Chromosomal ordering of scaffolds
The BioNano scaffolded and polished sequences were ordered into chromosomes using RaGOO by breaking chimeric scaffolds (Alonge et al. 2019 ) using only the chromosomal sequences from the Mediterranean river buffalo genome (Low et al. 2019 ).
Genome-wide structural variations discovery :
The final scaffolded assembly from the Sire haplotype was chosen for comparison with the recently published Mediterranean water buffalo genome (Low et al. 2019) ,
Bos frontalis (Gayal) (Wang, et al. 2017) , Capra hircus ARS1 (goat), Homo sapiens, Bos indicus X Bos taurus cross (UOA_Brahman_1, Koren et al 2018) . In each case, we retained the "chromosomal" sequences, except in the case of the Bos frontalis genome which was a scaffold level assembly in over 460000 scaffolds.
We treated the Sire haplotype, containing 59 scaffolds as the query and the above genomes as a reference including the dam haplotype assembly, which was then aligned using Minimap2 (Li et al. 2018 ) at default parameters. The output SAM file was then parsed using "sam2delta.py" script from RaGOO, to retrieve the alignments in a NUCmer compatible delta format. The delta file was submitted to
Assemblytics (Nattestad et al. 2016) to identify structural variants from 50bp-10Kbp.
Discussion:
Genomic selection in dairy cattle has led to rapid genetic gains per generation.
Long-range linkage disequilibrium (LD) may be extensive in the reference population animals, causing large chromosomal segments or haplotypes to be common. Consequently, there will be many combinations of SNPs that explain the effect of the haplotype as well as the causal mutations (Meuwissen et al. 2016 ).
High quality haplotype resolved genomes will aid in direct identification of causal complex structural variants.
During the earlier years of the NGS revolution classically Genomes were chiefly assembled using short read approaches. However, short read based genome survey analyses can play a significant role in deciding the strategy for genome assemblies and subsequent data analyses (Reddy et al. 2018.) . The major fallacies of using short read approaches include being unable to span highly repetitive regions longer than the read length, haplotype collapsing or heterozygosity resolution. The long read sequencing aims to resolve the above issues, by being able to span the repeats by leveraging read length running in kilobases but with significantly more errors, using a mosaic approach wherein the parental haplotypes are collapsed while assembling the genome resulting in calling of falsepositive or erroneous alleles, poor annotations and downstream analyses.
Recent methodologies incorporate algorithms that can assemble, classify contigs and alternative contigs. However, these genomes might still incorporate phase switching errors depending on the resolution of the assembly graph (Koren et al. 2018 Chromosomal length assemblies can be achieved by using Chromatin conformation capture technologies like Hi-C to build upon the pre-existing assembly or scaffolds. Alternately, RaGOO can be used to order the contigs/scaffolds into chromosomes in case a reference genome is already available to be used as a genetic map, which can be an economical method to build a chromosomal scale assembly and validation of the scaffolds in assembly.
Hi-C can be used as an independent evaluation to validate the scaffold links generated by RaGOO. However, Hi-C scaffolds can also have inversion errors in case of highly fragmented assemblies, which can be overcome if the assembly graph is known.
RaGOO based chromosomal assembly of the Indian Murrah haplotypes led to the identification of the structural variants using Assemblytics and genomic comparison. Currently, the Hi-C data from the same Murrah female animal is being generated to scaffold the finalised BioNano map aided genome scaffolds to improve genome assembly quality and compare the ordering by RaGOO. Complete transcriptome information of Bubalus bubalis would provide a valuable resource to infer exon-intron boundaries and study functional genomic regions by annotating the genes.
With present experience in triobinning, we recommend the use of Optical mapping for super scaffolding on long PacBio reads and 10X chromium synthetic linked reads for developing a highly contiguous genome assembly.
The newly developed high-quality haplotype phased buffalo genome assembly shall provide genomic resources for identification of trait specific structural variants, development of SNP array chip for genotyping and augmenting genomic selection procedures to improve milk production and reproduction traits of buffaloes in developing countries.
Supplementary data : All supplementary data are provided below.
URLs. http://www.fao.org/faostat/en/#data/QL downloaded on 16 March 2019.
Scaff10x: https://github.com/wtsi-hpag/Scaff10X
